Recombinant vaccinia viruses that express the bacteriophage T3 RNA polymerase (VV-T3pol) or the Escherichia coli lac repressor (VV-lacI) under control of the early-late vaccinia promoter P7.5 were constructed. To determine whether phage polymerase and lac repressor can function in the nucleus of mammalian cells, the bacterial chloramphenicol acetyltransferase (CAT) gene was cloned downstream of a T3 promoter (PT3-CAT) or downstream of a T3 promoter-lac operator fusion element (PT30Oac CAT), and these reporter gene cassettes were introduced stably into NIH 3T3 or Ltk-cells. Infection of 3T3/PT3-CAT or Ltk-/PT3-CAT cells by VV-T3pol led to rapid expression of CAT (>20 ng of CAT protein per 106 cells). The presence of hydroxyurea (which blocks virus DNA replication) did not prevent CAT production. When 3T3/PT3OIac-CAT cells were infected with both VV-T3pol and W-lacI (multiplicities of infection of 2.5 and 10, respectively), >30-fold repression of CAT gene activity by lac repressor was observed. This could be reversed to unrepressed levels by the presence of 10 mM o-nitrophenyl-1i-D-galactoside (IPTG) in the medium. Regulated expression of the target gene was observed with cell lines that had been maintained for over 1 year (>50 passages in culture), and Southern blot analysis revealed the presence of the CAT gene only in the nuclear fraction in these cells, demonstrating the stability of the target gene. These results indicate that vaccinia virus-encoded proteins can function in the mammalian nucleus and provide the basis for a genetic system in which essential vaccinia virus genes, placed in the chromosome of a cell, can be used to complement defective virus particles. This approach may prove useful for other virus systems.
Recombinant vaccinia virus particles that carry the T7 RNA polymerase gene have proven useful for overexpressing proteins in a variety of mammalian cell lines, demonstrating that the T7 RNA polymerase can function in the cytoplasm of these cells and that the vaccinia virus capping and methylating functions, which act in trans, can activate the T7 transcripts to a translatable form (8, 10, 11) . It has also been shown that the T7 RNA polymerase can be transiently expressed in mammalian cells and that it can be targeted to the nucleus by using a nuclear localization signal (6) ; however, no demonstration has been made that the T7 RNA polymerase can function in the nucleus of mammalian cells. In other work, we have reported the establishment of stable mammalian cell lines that express the T3 RNA polymerase (T3pol) in both the cytoplasm and the nucleus, and we have demonstrated that T3pol can transcribe DNA molecules that are transiently introduced into these cells (5) . Furthermore, these T3 transcripts may be translated independently of vaccinia virus infection by the use of a nontranslated leader sequence from encephalomyocarditis virus (22). Transcription from T3 and T7 promoters by the respective RNA polymerases may be regulated in both procaryotic and eucaryotic cells through the use of bacteriophage promoter-lac operator fusions in the presence of lac repressor (5, 9) . Thus, all of the elements for a regulated nuclear transcription system utilizing the procaryotic phage RNA polymerase and lac repressor molecules have been anticipated.
In this work, we demonstrate that nuclear genes can be transcribed by T3pol and that the lac repressor can be used to regulate the transcription of the nuclear target genes. This system will be useful for expressing target genes in stable cell lines. In addition, these studies demonstrate that vaccinia virus can be used to produce proteins that are able to function in the mammalian nucleus. Among the applications of these results is the development of a genetic system in which essential vaccinia virus proteins can be placed in the cell nucleus and expressed by T3pol during virus infection, thus allowing complementation of defective vaccinia virus particles. This approach may prove useful in other virus systems. Finally, the system described here has allowed us to test the function of T3pol and lac repressor in the mammalian nucleus, with the intention of establishing a stable cell line that expresses both of these proteins and gives rise to functional mRNA in the absence of vaccinia virus fuinctions.
MATERIALS AND METHODS
Cells and viruses. NIH 3T3 and Ltk-cells (20) fragment that contains the coding sequence of the Escherichia coli lac repressor (see below). All of these genes were thus inserted downstream of the vaccinia virusP75 promoter (2) . After ligation and transformation into E. coli JM83, positive clones were identified with 32P nick-translated specific probes. The recombinant plasmids were then introduced into the tk region of vaccinia virus by previously described methods (2, 19) . Briefly, BSC-40 cells grown in 60-mm dishes were infected with vaccinia virus (0.01 PFU per cell); 4 h later, cells were transfected with 10,ug of plasmid DNA, using the calcium phosphate precipitation method (19) . Cell cultures were harvested at 48 h postinfection (p.i.), and recombinant viruses were isolated by plaque assay after addition of 5-bromo-4-chloro-3-indole-,-D-galactosidase to the agar overlay (2) . Blue plaques were picked and plaque purified three times, and stocks of recombinant viruses were prepared in BSC-40 cells (21 Immunofluorescence microscopy. Cells grown on coverslips were infected with vaccinia virus recombinants (5 PFU per cell); at 6 h p.i., cell. were washed with PBS and fixed in 2% formaldehyde-0.2% Triton X-100 in PBS for 10 The cellular location of T3pol in the infected cells was determined by immunofluorescence. In VV-T3pol-infected cells, diffuse staining of the cell was observed, indicating that the polymerase was distributed in both cytoplasmic and nuclear compartments ( Fig. 2A and B) . In the case of VV-T3polnl, infection, discrete staining of the nuclear region was observed (Fig. 2C and D) . This result is consistent with previous findings demonstrating that the SV40 nuclear tar- geting signal can bring about nuclear targeting of the T7 and T3 RNA polymerases (6, 22) .
In the case of VV-lacI infection (as in the case of VVT3pol infection), both nuclear and cytoplasmic localizations of lac repressor were observed ( Fig. 2E and F) . This result is in contrast to previous reports that in uninfected cells the lac repressor is largely found in the cytoplasm (14) . We do not know the explanation for this discrepancy; it may reflect a consequence of virus infection or a variation among cell lines.
Construction of cell lines expressing CAT under T3 promoter control. Plasmid pYZ31 contains the bacterial CAT gene cloned downstream of the T3 promoter in the Bluescript vector pBS-KS+ (Stratagene). The transcription unit in this vector consists of a T3 consensus promoter, the CAT gene, the splice junction and polyadenylation sequence from the SV40 t region, and tandem termination signals for the T7 RNA polymerase (Fig. 3, top) and expanded into cell lines (3). Ltk-/PT3-CAT cell lines were constructed in a similar manner except that selection was performed either by cotransfection with pSV2neo and selection for Neor colonies or by cotransfection with the herpesvirus tk+ gene (in pTK2) and selection in hypoxanthine-aminopterin-thymidine medium (19) .
Individual expanded cell lines were tested for the presence of a responsive T3 transcriptional unit by infection with VV-T3pol at 2.5 PFU per cell (Fig. 3A) . Sixteen of eighteen 3T3 Neor clones tested exhibited significant CAT activity after infection with VV-T3pol. There appeared to be substantial variation in CAT activity from clone to clone. This variation may reflect the position of the target gene in the chromosome or the number of copies of the target gene in the cell.
The Ltk-cell line (Fig. 3B ) gave 10 of 13 responders, (5 of 7 when selected for the Neor phenotype and 5 of 6 when selected for the tk+ phenotype). As with the 3T3 cell lines, there was variation in CAT activity from clone to clone. The most responsive Ltk-/PT3-CAT cell line was not as responsive as the best 3T3/PT3-CAT line (compare Fig. 3A with Fig. 3B ). In both cases, synthesis of CAT in the cells was absolutely dependent on the presence of PT3-CAT in the cell chromosome and the presence of the T3pol gene in the vaccinia virus vector (Fig. 3C) .
The nuclear target genes appear to be quite stable in these cell lines. The 3T3/PT30lac-CAT cell line has now been carried under selection with G418 (400 ,ug/ml) for over 1 year (>50 passages) with no loss of responsiveness when infected with VV-T3pol. Southern blot analysis of nuclear and cytoplasmic fractions demonstrated the presence of CAT DNA sequences only in the nuclear fraction (Fig. 4) . Kinetics of CAT synthesis in the W-T3pol system. The optimal conditions for expression of the PT3-CAT construct in 3T3/PT3-CAT after infection by VV-T3pol was determined by examining three parameters: time after virus infection, multiplicity of virus infection (MOI), and the role of late virus transcription.
CAT activity in clones of 3T3/PT3-CAT cells first became detectable 4 h after virus infection and increased with time to 24 h (Fig. 5) . The response in clones of Ltk-/PT3-CAT cells began with a slight delay, at 6 h p.i., and increased with time (Fig. 5) . The optimal response was observed at MOIs of between 1 and 5 PFU per cell for 3T3/PT3-CAT and 5 to 10 PFU per cell for Ltk-/PT3-CAT (Fig. 6) for expression of the nuclear target gene (Fig. 6) . The presence of the nuclear targeting signal in T3pol had little effect on CAT expression, either from a transiently introduced target gene or from the stable nuclear target gene in 3T3/PT30a,-CAT cells (Fig. 7A) .
The levels of target gene expression from a stable cell line maintained for over 50 passages was determined by quantitative Western blot analysis with anti-CAT serum (Fig. 7B) . (9) . It is likely that the degree of repression and derepression in these systems reflects the stoichiometries of the repressor, the operator, and the polymerases involved and that optimization of this regulatory system will require manipulation of the relative abundance of each of these elements.
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